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Due to the nonlinear properties of photovoltaic (PV) modules, the design of 
the high-gain direct current (DC) converter for maximum power point 
tracking (MPPT) is complicated. In this paper, the design of a new step-up 
DC converter for MPPT applications is proposed. The proposed converter is 
structured of two symmetrical reverse-parallel DC-DC boost converters. This 
structure is supported by voltage multiplier cells equipped to increase output 
voltage and decrease voltage stress on semiconductor switches. To simplify 
the high-gain DC converter design, the PV module's maximum power point is 
treated as resistance by using the incremental conductance (INC) method. The 
MPPT boost converter's inductance, input capacitance, and output capacitance 
are calculated using the derived equations using nine parameters. The results 
showed that the proposed DC converter simulation meets the necessary 
requirements. The size of the input capacitor, inductor, and output capacitor 
have been decreased. When the proposed converter is compared to a 
traditional converter, there is less voltage stress, low current ripple, and an 


increase in voltage gain. This has led to an improvement in the overall 
converter efficiency. 


This is an open access article under the CC BY-SA license. 


Corresponding Author: 


Ibraheem Jawad Billy 

Department of Electrical Engineering, College of Engineering, University of Technology 
Baghdad, Iraq 

Email: eee.20.28 @ grad.uotechnology.edu.iq 


1. INTRODUCTION 

The photovoltaic (PV) module's maximum power is acquired using the MPPT converter. The MPPT 
converter is composed of three components: the power converter, the controlling device for the power 
converter, and the MPPT method. Over the years, researchers have created a number of different forms of the 
MPPT approach [1]-[3]. Included in this are the hill climbing method, also known as the incremental 
conductance (INC) method, the particle swarm optimization method, the perturb and observe method, and 
several more approaches. 

The MPPT method's purpose is to locate the PV module's MPP. The output of the MPPT technique is 
frequently either the voltage reference or the duty cycle. Pulse width modulation (PWM) and the duty cycle 
generated by the MPPT technique are interconnected. While a voltage reference generated using the MPPT 
approach is sent into the power converter's controller. The MPPT converter's proportional-integral (PI) 
controller is both a normal and unconventional controller for the power converter [4]-[6] as well as a fuzzy 
logic controller, respectively. The MPPT converter's power converter also uses a buck converter [7], the boost 
converter [8], [9] the buck-boost converter [5], and the single-ended primary-inductor converter (SEPIC) [10]. 
The PV module serves as the typical input source for the power converter utilized for the MPPT converter, 
which functions using the switching pulses generated by the PWM. 
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To calculate the inductance and capacitance employed in the MPPT converter, the power converter is 
designed. For the controller to keep its output steady, it's crucial to maintain continuous current mode. In the 
discontinuous current mode, the MPPT converter activates if the inductance is too low. The MPPT converter 
grows bulky and has a delayed transient response if the inductance is too high. To guarantee that the voltage 
ripple is kept within the appropriate standard, the capacitance is computed. 

The voltage ripple increases if the capacitance is too low. The MPPT converter's response time slows 
down if the capacitance is too high. The study undertaken is primarily focused on the development of the MPPT 
technique rather than the power converter design, which is often not the major emphasis of the MPPT converter 
development. On the other hand, development on the power system for the MPPT converter is still ongoing 
[6], [11]-[13]. Designing a novel power converter architecture for the MPPT converter is the study's main 
objective. Analyzing the correlation between the PV resistance, output resistance, and duty cycle is one of the 
study projects (Rmp-RL-D) [6], [11]. Based on the load and the PV module, this study chooses the power 
converter that is best for the MPPT converter. Analyzing the MPPT converter as a variable resistance emulator 
is part of another study on the power converter for the MPPT converter [13], however, their study does not 
provide a calculation of the inductance and capacitance for the MPPT converter. The MPPT converter applies 
the boost converter [14]-[16]. For the MPPT converter, the input capacitor must be connected in parallel with 
the boost converter's input source. According to study, without an input capacitor, the boost converter cannot 
operate at the PV module's maximum power point [17]-[19]. 

The goal of this paper is to consider ways to produce a new converter that has high operational 
performance such as high voltage gain, minimal voltage stress on component devices, very low input current 
ripple, and high efficiency. The 81 W PV module is simulated using the single diode model. The MPPT method 
used for the simulation is the incremental coductance methode. By contrasting the theoretical result calculated 
from the resulting equation with the MPPT high gain direct current (DC) converter simulation data acquired 
from MATLAB/Simulink, the derivation is demonstrated. 


2. MODELING OF PV COMPONENT PARTS 

The PV model's idea is to build the PV module's current-voltage I-V curve. The single diode model, 
a representation of an electrical circuit, is the foundation for the PV model that is employed, as shown in 
Figure 1. Kirchhoff current law is used to construct the equation for the PV current, Ip, as illustrated in (1), 
[20]. It must be solved using an iteration approach because it is an implicit equation. Newton-Raphson 
technique iterations are used to resolve (1) [21]. 


.(Vpv+IpyR, 
q.Vpv+IpvRs) 1) Vpv+IpvRs 


Ipv = lpn- I.(e AKT 


Ra (1) 
Where Ipy represents the photocurrent, J, the dark current saturated, PV module voltage is denoted by V,,. The 
series resistance is denoted byR,(Q). A is the ideality criterion. Boltzmann's constant, K_ is 
(1.38 x 10723 J/K), T represent the p-n junction'’s temperature (K). q is the charge on an electron 
(1.6 x 1071? C). Additionally, Rn is the parallel resistance (Q), Ipn is determined by [22]. While J, is 
determined using (3) and just depends on temperature [23]. The maximum power point generated by the PV 
model is impacted by R, and Rn. 


G 
Inn = ——. (lsn + Ki(T — Tsrc)) (2) 
GsTc 


(Isc +Ki(T-Tstc)) 
Ky(T-T 
(voc+ vf w) 
e 


ls = (3) 


=1 


Where STC represents for the normal test condition (1000 W/m? and 25 °C) and G is the irradiance (W/m). 
The temperature under STC is T;,, (25 °C). 


Figure 1. PV module circuit 
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2.1. Incremental conductance method for MPPT 

The INC method is simple to use and does not need a power converter controller. The INC method 
immediately calculates the duty cycle [24]. The INC algorithm receives input from the PV array's voltage and 
current sensors [25]. The duty ratio D of the proposed converter is determined by this algorithm affected by 
changes in voltage, current, and power. 

Figure 2 illustrates the nonlinear ring Ppy vs Vpy characteristics of a solar PV array. The operating 
point fluctuates depending on the load's impedance when applied to the array terminals. The P-V curve's 
operation point is tracked using a proposed DC-DC converter. The slope of the MPP curve is negative on the 
right side and positive on the left side. The slope of the curve is zero when the array is transferring its maximum 
possible power. The slope of the MPP curve is negative on the right side, and positive on the left side. 


Left Side 


1000Wim* 


Current (A) 
Power (w) 


1000Wim* 


Figure 2. P vs. V and I vs. V curves for the solar PV array 


The slope of the curve is zero when the array is transferring its maximum possible power. When a 
power equation is taken in to consideration and differentiated in relation to voltage, relationships between an 
INC and conductance are found for various portions of the curve as (4) and (5): 


Pov = Ipv- Vov (4) 
dP. d(lpv.V. dl 
pv _ (Ipv pv) E Ipv + Vee: pv (5) 
dVpv dVpv dVpv 
At MPPT: 
dP. dl I 
Te 9; 2-2 (6) 
dV py dVpv Vpv 
At left side form P-V curve: 
dP. dl I 
e > 0; Te a ipe (7) 
dVpv dVpv Vpv 
At right side form P-V curve: 
dPpy — g. dip» c lw is 
dVpy ” dVpy Vpv 


The INC method depicted in Figure 3 is used to change the proposed converter's duty ratio. 
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Figure 3. Flowchart of the INC method 
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3. MAXIMUM POWER POINT TRACKING BY HIGH STEP-UP DC CONVERTER 

Figure 4 shows the proposed converter topology, which includes two inductors at the input source 
utilizing interleaving technical to reduce source current ripple, and two voltage multiplier units to boost output 
voltage. The switches are turned ON and OFF in the specified intervals. These waveforms as shown in 
Figure 5 are analyzed in this study as two square waves by the identical duty cycle and 180° phase difference; 
hence, the source current ripple and the input filter's volume might be drastically reduced. Each side of the 
proposed converter is a conventional converter connected in series with a voltage multiplier. Each switching 


capacitor-diode circuit boosts the output voltage of one side of these converters. 


s a 1000W/m2 
a 5 of 
2oowimal Ld It | 


Voltage Sensor Current Sensor 


Gate Drive 
Duty Cycle, D S.C 


Two PWM, 180° phase shift 30KHZ 


Figure 4. The schematic of the PV panel with the proposed converter 
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One Cycle (T si 


Figure 5. The gate drive waveforms for proposed converter's switch 


3.1. Analysis of proposed converter in steady-state 
3.1.1. Circuit modes 

The proposed converter operates with a high conversion ratio there for the switches Q1 and Q2 are 
driven by turning ON and OFF in the specified intervals with a 180° phase difference, and a duty cycle greater 
than 0.5 as shown in Figure 5. Mode 1:tọ < t < t,: duration operation in this mode is considered by (D-0.5) 
T as shown in Figure 5. Both switches Q1 and Q2 of the proposed converter are turned ON, and the energy 
increases both inductors L1 and L2, where the voltage input is applied to two inductors L1 and L2. 
Mode | is indicated in Figure 6(a). 


Vin = Vinp (9) 

Vig = Vinp (10) 

Mode 2:t,; < t < ty: duration operation in this mode is considered by (dT) as shown in Figure 5. 
Switch Q1 is continue turned ON and switch Q2 is turned OFF, the energy continues to increase in the inductor 
L1 and decreases in the inductor L2. Mode 2 is indicated in Figure 6(b). 

Via = Vinp (11) 


Vi2 = Vinp — Ves (12) 


Mode 3: tz < t < t3: duration operation in this mode is considered by [1-(D+d)] T, Q1 is remain 
turned ON, Q2 is remain turned OFF, and D5 is reverse biased. Mode 3 is indicated in Figure 6(c). 


Vin = Vinp (13) 
Viz = Vinp — Vez (14) 


Mode 4:t3 < t < t4: duration operation in this mode is considered by (D-0.5) T as shown in 
Figure 5, this mode is similar to mode 1. Mode 4 is indicated in Figure 6(d). 


Vii = Vinp (15) 
Vi2 = Vinp — Ves (16) 


Mode 5: t, < t < ts: duration operation in this mode is considered by (dT) as shown in Figure 5. 
Switch Q1 is turned OFF, and switch Q2 is continue turned ON, and the energy continues to increase in the 
inductor L2 and decreases in the inductor L1. Mode 5 is indicated in Figure 6(e). 


Via = Vinp — Ver (17) 
V2 = Vinp (18) 
Mode 6:t; < t < tę: Duration operation in this mode is considered by (1-(D+d)) T as shown in 


Figure 5, switch Q1 is remain turned OFF, and switch Q2 is remain turned ON. Mode 6 is indicated in 
Figure 6(f). 
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Via = Vnp — Ver (19) 


Viz = Vinp (20) 


Q1(OFF) i “i Q1(OFF) 


Figure 6. Circuit modes (a) mode 1, (b) mode 2, (c) mode 3, (d) mode 4, (e) mode 5, and (f) mode 6 


3.2. Voltage gain derivation 
Based on the principle of the balance of the voltage second, for the inductors (L1, Laul, L2, and 
Lau2), can be calculated capacitors C1 and C2 voltages can be obtained as (21)-(23): 


Vm 
Ver = 22 (21) 
D 
Vez 14D . Ver sd K D (22) 
_ Ymp 
Vor ® Vez = ID (23) 


The capacitors C3 and C4 voltages can be obtained as (24)-(26): 


Vm 
Vos = 22 (24) 
Vea = a4+D . Ve3 sd < D (25) 
— Ymp 
Vea ~ Vez = Jep (26) 


By using Kirchhoff’ s voltage law in the cycle Ve- Ve2-Veo1: 


2Vin 
Voor = Ver + Vez = I-D (27) 
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By using Kirchhoff’s voltage law in the cycle Ve3- Vc4- Vcoz: 


2Vin 
Veo2 = Ve3 + Veq = — (28) 


1-D 
By using Kirchhoff s voltage law in the cycle Vin-Veg1-Vo- Veoz: 


Vo _ 34D 
Vmp 1-D 


(29) 


The voltage and current at maximum power point (Vnp and Imp) are used to compute the maximum power 
point resistance Rmp: 


Rinp = a (30) 
Only under specific conditions can the MPPT proposed converter achieve the appropriate system 


needs. The intended operational region, ADO, where this condition occurs at different irradiances G, is 
depicted in Figure 7. These two MPPs are converted into Rmp using (30). 


Rip(min)=Vmp1 Nnpt 


Rmp(max}=Vmp2 Nmnp2 


G2 


Vinp2 Vmpt 


Figure 7. PV's I-V typical curve at various irradiances 


3.3. Load resistance calculation 
For lossless power DC converter, the input power equals to the output power: 


Pin = Py (31) 
vó 
Vnp' Imp RI (32) 
3+D \? 
R; = Rmp. =) = Rinp: M2 op. (33) 
The minimum of R, during the lowest irradiance is given by: 
3+Dmin \* 
Riqnin) = Rimp (max): (omen) = Rimp(max): M shel tains, (34) 
The maximum of R, during the highest irradiance is given by: 
34+Dmax \* 
Rimax) = Rmp(min)- (nex) = Rmp min): M$ropmax). (35) 
If a fixed load resistance value is employed, the optimal load resistance, R, , is crucial. 
Rmp(max)- Me ental. = R, s Rmplmin): Mprop(max). (36) 


3.4. Output voltage ripple calculation and output capacitance design 
The output voltage is at its maximum value at maximum load resistance and maximum duty cycle. 


Design highvoltage gain DC converter based on maximum power point resistance ... (Ibraheem Jawad Billy) 


2024 O ISSN: 2302-9285 


ee (37) 
34+Dmax 
Vomax) = Vmp(a1): Cae) iia 


The output voltage ripple factor (yy, ) can be calculated: 


Yvo = & = — (39) 


Vo Ri.Co.fs 


a 
Yvo = PUD =. (40) 


Rmp-(3+D)?.Co-fs 


At duty cycle D = 0.3, the maximum output voltage ripple factor for variable load occurs when 


< -Yvo = 0. Then the maximum ripple factor from (40) becomes: 


0.0135 
Womax = Rmp h at D = 0.3 (41) 


From (33) at D = 0.3. The maximum output voltage ripple factor occurs when the load’s resistance R, equals 
22.25 times from maximum power point resistance Rmp. The output capacitances may be calculated 
using (42): 


0.0135 
Cone Cola = CCl eae (42) 
3.5. Inductance design 
The inductance of the proposed converter, L is given in (43): 
oe) Se Ven 
Loh, =l, =P (43) 


Where Vmp represent the input voltage source. The ripple inductor current can be calculated by product ripple 
factor with an average current of the inductor AJ, = y,.1,, where the average current is given in (44): 


I = 22 (44) 


where Imp represent the input current at maximum power point, from (44) and (45) the inductance value is: 


2.Rmp.D 1 AIL 

L=—— ; wh =-; =— 45 

YL Fs MENE fs rP n IL (>) 
From (33) and (45): 
_ Ry.D.A-D)? 

YL = 7 (34D)? (46) 
From (46) the minimum inductance accrues when y; at maximum value, therefore out = 0. To find the duty 
cycle value to make y, at a maximum value: 

aye = 0 = Ri L.fs.[(3+D)*.(3D?—4D+1)-2.D.R1.L.fs.(1—D)?.(3+D)] (47) 


dD [L.fs.(3+D)?]? 


From (47) the duty cycle D = 0.3. The maximum value of the R,,» occur when its value equal to 0.045R, by 
substituting D = 0.3, in (33). The critical inductance by substituting D = 0.3, in (46): 


RL 


Lerit = 0.0135. (48) 


YL.max-fs- 


3.6. Input capacitance design 
The input current ripple, which is the flow in the input capacitor C; as shown in Figure 4. The change 
in charge in this capacitor can be calculated by shading area as shown in Figure 8. 
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AQ =2. T l (™) _ Alin (49) 


2°\4 2) 166s 


The input current ripple is: 


_ Vinp-(2D-1) 


Alin = Alyy = (50) 


According to the concept of capacitance, the connection between the maximum power point voltages 
ripple AV,,, and AQ is: 


MVnp = = (51) 


The maximum power point voltage ripple is: 
Mmp = YVmp* mp (52) 


Where Wp is the maximum power point voltage ripple factor. 
From (49)-(52) the input capacitor is: 


_ 2D-1 
16.YV mp lS 


(53) 


i 


Figure 8. The input capacitor current charge for the proposed converter 


4. SIMULATION OF THE PROPOSED CONVERTER WITH A PV SOLAR CELL 

The MPPT proposed converter's maximum load resistance Rmax is constrained by Dmax. Lower 
Rimax is the result of lower Dmax. The output voltage V, should rise as the duty cycle D rises in perfect 
condition. On the other hand, in reality, the output voltage V, only rises so far at the limit point where it is 
decreased as the duty cycle D is increased beyond the normal limit. In addition, the load resistance and duty 
cycle, R}, Dmax have an impact on the MPPT proposed converter's effectiveness. Lower efficiency is the 
result of a greater Dmax. This is because conduction losses have risen. Dmax 18 suggested in the simulation to 
be 60%. The parameters listed in Table 1 and 81 W PV as shown in Figure 9 is used to regulate it at MPPT 
proposed converter. Table 2 illustrates how L and Ci vary depending on the R; state. L decreases as Ry (max) 
lower. Since Ci is influenced by L. Ci rises when L falls to keep Yymp constant. 

Figure 10 depicts the relation between output resistance and irradiance. The range of R, gets smaller 
as the irradiance rises. The output resistance range for 200 W/m? is between 218.3 Q and 1,490 Q. But, when 
1000 W/m? is applied, the range is between 43 Q to 294 Q. To avoid the MPPT proposed converter from 
running beyond the duty cycle range, the minimum and maximum R; are applied. 

As seen in Figures 11(a) and (b) when maximum R, is employed, the system typically works at Dmax 
(Dmax =0.6), where the systems work at Dmin when the minimal R, is applied to the MPPT proposed converter 
(Dmin = 9.1). When the irradiance changes, R, is frequently altered to keep the duty cycle from going 
extremely low or high. Fixed load Ry (cons) is made to operate between Dyin and Dmax , Using Ri (cons. 
eliminates the need to change load. This is due to the higher cost of a variable resistor used to express the 
variation load than a constant load used to represent Ry(cons,)- 
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Table 1. The variables needed to compute the MPPT proposed converter's component 


Parameters Variables Value 
PV module Maximum power point Vinp = 17.42 V ; Imp = 4.63 A 
Vnp(V), Inp(A)) Vnp 
Rmp = 7 = 3.762. 
for high irradiance (1000 W/m?) R ip 
Maximum power point Vnp = 17.3 V ; Imp = 0.94A 
np (V), Imp (A)) Vinp 
Rmp = ~~ = 18.40. 
for low irradiance (200 W/m?) Se lig 
Ripple Factor (y) Inductor current ripple factor, y, (%) 20% 
Maximum power point voltage ripple 0.12 % 
factor, Yymp (%) oneal 
Output voltage ripple factor, yy, (%) 0.12 % 
Characteristic of bo a ia 
(PWM)Technique Minimum duty cycle limit, Dmin 0.1 
Maximum duty cycle limit, Dmax 0.6 
Switching frequency, f, 30 KHZ 
Load For limit load, the maximum load resistance 


Maximum load resistance, Ry max) (2) 
3000 


at low irradiance (200 W/m”) Rocmaxg) = 


X 17.5889 


60 Y 65,8886 
= gaa 
= X 17.6687 
5 Y 49.6488 
Fa 40 
= 2 

0.4 kW/m al 
w- X 17.6166 
Y 33.0566 


0.2 kW/m? 
X 17.3034 


10- Y 16.2636 


0 2 4 6 8 10 12 14 16 18 20 


Voltage (V) 


Figure 9. Solar PV module power—voltage (P-V) curves 


Table 2. The elements needed in three different cases for the MPPT proposed converter 


Load model Variable load Limit load Constant load 
Duty cycle D Dam <D < Dmax R; < Rimax Rivcons) 
Load Low irradiance (20 0W/m?); 
resistance 3+Dmin\ a : 
R,(Q) Ricming) = Rmp- G = >) =218aN Low irradiance (200 W/m"); Average constant load between 
3+D 2 218.3 < R, < 300 max load and min load for High 
Riemax g) = Rmp- (= me) = 1490 and low irradiance 
eis — Dmax’ 300 + 43 
High irradiance (1000W /mĉ); Riccons) = a 171.5 
3 + Dmin\? 
Ritmini) = Reap: ( rn) = 43 High irradiance (1000 W/m2); OR between range 
a Fs 5 43 < R, < 294 43 < Ri cons.) < 300 
Ri (max) = Rmp- E _ a) = 294 
max 
7a RL timit _ (; + Dmax 2 For Ri (cons. = 3000. 
m Rmpg  \1-D _ Ri 
From (49) eee max L= ootas z= 0.67 
os 0.0135. Ry max xai = Tea" Dmax = 0.2 
Yı- fs L= = = 1.22 
y Raf, 
Output From (43) From (40) From (40) 
Capacitance. 0.0135 
> Comin. = = = 100 Comin =- F= 18.5 Comin = D> = 55.45 
Co max (uF) E Rip: Yvo(max): fe Oe R,. Yvo: fs moe R,. Yvo: f 
Input 2Dmax — 1 C, = 2ra -95 t Pma 1 _ 
Capacitance, Cimin) = ley, Lf = 3.145 1 161Vmp-LS2 . a Cimin) = 16. Ving fè =30 
Cimin (HF) E 3 Dmax = 0.6 
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Figure 10. Load resistance with different irradiance 
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= 
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7 F 200W/m2 J 
S 1 
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= 0.1 
=] 
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Figure 11. The duty cycle with the R; (max) and Rz(min) (a) 1000 W/ m? and (b) 200W/m? 


Figure 12 illustrates for constant load. In comparison to the duty cycle for 1,000 W/m?, which is 
maximum value Dmax = 0.6, the duty cycle for 200 z is greater than Dmin (0.1). Results indicate the duty 
cycle is in the acceptable duty cycle range. The MPPT proposed converter is tested under various situations, 
and the simulation's results are displayed in Figure 13. The simulation and theoretical y, results are very close, 
as illustrated in Table 3 and Figure 14. According to the simulations, y; is greatest when R, is equal to 
RL(maxg) at low irradiation g. 

In both theoretical and simulation cases, the output voltage ripple factor yy, is 0.1 percent and 
0.11 percent, respectively as shown in Figure 15 at load resistance R, = 100 Q and high irradiance 1,000 W/m? 
and it’s very nearer to maximum value 0.12 percent witch occurs at load resistance R; = 82.6 © for theoretical 
calculation in Table 4 and in Figure 16. This establishes the accuracy of the calculated Co(min). Figure 17 shows 
the comparison between the theoretical calculation and simulation results for various output voltages with 
various load resistances and proves the accuracy of the equations used. 
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Figure 12. The duty cycle with the Ry (cons with irradiance 1000 W/ m? and 200 W/m? 
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Figure 13. Inductors current ripple at various load resistance R, and irriadiance G 


Table 3. The inductor current ripple factor is in both theoretical and simulation computations 


Variable load resistance Inductor current ripple 
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Inductor current ripple factor 
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Figure 14. Comparison of inductor current ripple factor in theoretical and simulation results 
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Figure 15. Output voltage ripple at various load resistance R, and irradiance G 


Table 4. The output voltage ripple factor is in both theoretical and simulation computations. 


Irfadiance G Variable load resistance Output voltage ripple Inductor ripple factor 
R,(Q) Yvo% factor theoretically YL% simulation result 
z eak to peak 
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° Rilo: fs = 
=0.1 
100 0.11 atD = 0.35 (near from the 
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200 W/m? 218 _ Dg 
Wo RCF 0.03 
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1000 0.0174 0.0174 
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5. CONCLUSION 

Making the converter reflect the total resistance detected by the PV module allowed for the derivation 
of the components for the MPPT DC converter. The output resistance, inductance, input capacitance, and 
output capacitance make up the components. With the use of this derivation, the MPPT boost converter's ripple 
factor and duty cycle may be adjusted to meet specific requirements. Additionally, the overdesigned system is 
eliminated, which results in a cheaper price and a smaller MPPT DC converter with a high gain ratio and low 
stress on all components. Given that the ideal condition is the one used in the derivation, a number of 
procedures must be followed to guarantee that the right minimum requirement is applied. The derivation is 
tailored for the PV application, resulting in a more straightforward and precise computation of the 
MPPT-proposed DC converter. 
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